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GEOLOGIC SETTING OF MASSIVE SULFIDE DEPOSITS AND HYDROTHEFMAL 
VENTS ALONG THE SOUTHERN J U A N  DE FUCA RIDGE 

by 

1 2 W .  R. Normark', J. L. Morton , and J. R .  Delaney 

S i n c e  1978, detailed photographic  and submers ib le  s t u d i e s  of t h e  oceanic 
s p r e a d i n g  ridge system i n  t h e  e a s t e r n  P a c i f i c  Ocean have i d e n t i f i e d  
p o l y m e t a l l i c  s u l f i d e  d e p o s i t s  and a s s o c i a t e d  submarine hydrothermal  s p r i n g s  a t  
s i x  locations between l a t i t u d e  2OoS on t h e  E a s t  P a c i f i c  R i s e  and t h e  J u a n  de 
Fuca Ridge west of Oregon (Fig.  1, C o r l i s s  and others, 1979; RISE Project 
Group, 1980; Hekinian and o t h e r s ,  1980; CYAMEX S c i e n t i f i c  Team, 1981; Lonsdale  
and  o t h e r s ,  i n  press; B a l l a r d  and o t h e r s ,  1981; Hekinian and o t h e r s ,  1981). 
Four of t h e s e  d i s c o v e r i e s ,  i n c l u d i n g  t h e  one reviewed i n  t h i s  r e p o r t ,  came i n  
t h e  l a s t  18 months, and  a l l  of t h e  deposits are l o c a t e d  a l o n g  t h e  a x e s  of  

' r i d g e s  with medium or f a s t  s p r e a d i n g  rates. Lonsdale (1977) d e f i n e s  a medium 
s p r e a d i n g  r a t e  t o  i n c l u d e  plate  s e p a r a t i o n  a t  5 , t o  9 cm/yr; rates g r e a t e r  t h a n  
9 cm/yr r e p r e s e n t  fas t  spreading .  
found a l o n g  s low-spreading (<5  cm/yr) r i d g e s ,  such as t h e  Mid-Atlant ic  Ridge. 

Massive s u l f i d e  d e p o s i t s  have not  b e e n  

The J u a n  de Fuca Ridge is a medium-rate s p r e a d i n g  a x i s  wi th  a t o t a l  
opening  rate near  6 cm/yr t h a t  l ies  o f f  t h e  P a c i f i c  Northwest (F ig .  2 ) .  I n  
1979, we selected t h e  s o u t h e r n  segment of  t h e  J u a n  de Fuca Ridge as  t h e  
i n i t i a l  s u r v e y  area f o r  t h e  developing U.S. Geologica l  Survey program o n  
s u l f i d e  m e t a l l o g e n e s i s  because: 

( 1 )  t h e  s p r e a d i n g  rate is near ly  i d e n t i c a l  t o  those a t  then-known areas 
of  a c t i v e  hydrothermal  v e n t s  a l o n g  t h e  East P a c i f i c  R i s e  n e a r  
l a t i t u d e  2 1@N and t h e  Galapagos R i f t  near  l o n g i t u d e  8 6 O W ;  

( 2 )  t h e  magnetic-anomaly map ( N a t i o n a l  Ocean Survey, 1974) and  available 
detailed b a t h y m e t r i c  data (Geologica l  Survey of  Canada and  U . S .  
Geological Survey) show t h a t  t h e  r i d g e  segment nor th  of  t h e  Blanco 
f r a c t u r e  zone is a n  a r e a  of  r e l a t i v e l y  uniform s p r e a d i n g  h i s t o r y  and 
is t e c t o n i c a l l y  uncomplicated.  To the north of the  area selected, 
hot -spot  volcanism near  t h e  r i d g e  a x i s  has  produced a c h a i n  of  
seamounts t h a t  complicates t h e  r i d g e  morphology. The Gorda Ridge, 
s o u t h  of t h e  Blanco f r a c t u r e  zone, h a s  t h e  same s p r e a d i n g  ra te  b u t  
h a s  a morphology similar t o  s l o w  s p r e a d i n g  r i d g e s ,  with a n  a x i a l  
v a l l e y  floor about  one k i l o m e t e r  deeper  t h a n  t h e  s o u t h e r n  J u a n  de 
Fuca Ridge. 

U.S. G e o l o g i c a l  Survey, Menlo Park ,  C a l i f o r n i a  

U n i v e r s i t y  of Washington, Seatt le,  Washington 
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Before t h e  i n i t i a l  U.S.G.S. e x p e d i t i o n  t o  t h e  s t u d y  area i n  t h e  f a l l  of 
1980, a reconnaissance  survey  of  t h e  e n t i r e  J u a n  de Fuca Ridge system by 
U n i v e r s i t y  of Washington researchers (Delaney and o t h e r s ,  1981 showed t h a t  
t h e  a x i a l  v a l l e y  floor of t h e  selected r i d g e  segment is u n d e r l a i n  by f r e s h ,  
g l a s s y  basal t  i n d i c a t i n g  r e c e n t  v o l c a n i c  a c t i v i t y .  A t  both t h e  E a s t  P a c i f i c  
R i s e  and  Galapagos areas, hydrothermal a c t i v i t y  i s  g e n e r a l l y  associated wi th  
t h e  areas of youngest  v o l c a n i c  r o c k s  a l o n g  t h e  a x i s  ( B a l l a r d  and o t h e r s ,  1981; 
Ballard and  o t h e r s ,  1982). The o n l y  camera s t a t i o n  a l o n g  t h e  s o u t h e r n  J u a n  de 
Fuca Ridge (Delaney and o t h e r s ,  1981) provided  s e v e r a l  frames with b e n t h i c  
s iphonophores  similar i n  appearance t o  t h o s e  s e e n  a t  low t empera ture  v e n t s  i n  
t h e  Galapagos area (Galapagos Biology E x p e d i t i o n  P a r t i c i p a n t s ,  1979). 

T h i s  report i n c o r p o r a t e s  d a t a  from two c r u i s e s  of t h e  U.S.G.S. v e s s e l  
S.P. LEE: (1) L12-80-F from 29 October t o  13 November 1980, and (2) Lll-81- 
WF from 4 t o  15 September 1981. The 1980 c r u i s e  o c c u r r e d  l o n g  a f t e r  t h e  
o p t i m u m  weather window f o r  t h i s  region.  The n a t u r a l  r e s u l t  w a s  t h a t  no 
photographic  or sample s t a t i o n s  could  be a t tempted  d u r i n g  n e a r l y  c o n t i n u o u s  
g a l e -  and  storm-force winds, which twice forced t h e  v e s s e l  t o  d e p a r t  t h e  work 
area for s a f e t y .  A d e t a i l e d  b a t h y m e t r i c  survey  of  a 35-km segment of t h e  
r i d g e  a x i a l  zone was completed nonethe less ,  and  t h e  b a t h y m e t r i c  map compiled 
from t h i s  survey  w a s  used  as t h e  base f o r  o u r  second c r u i s e  i n  1981. The 
second v i s i t  t o  t h e  area was blessed with f a i r  weather,  and  m o s t  of t h e  c r u i s e  
e f f o r t  was devoted t o  photography and sampling, i n c l u d i n g  dredging  and 
h y d r o c a s t s  i n  t h e  a x i a l  v a l l e y  segment shown i n  Figure 3,  which is t h e  c e n t r a l  
p a r t  of t h e  a r e a  surveyed i n  1980. 

METHODS 

N a  v i gat i o  n 

Dur ing  t h e  1980 c r u i s e  when only  b a t h y m e t r i c  s u r v e y i n g  w a s  possible, a n  
i n t e g r a t e d  n a v i g a t i o n  system combining s a t e l l i t e ,  LORAN C,  and  doppler-sonar  
data provided  c o n t i n u o u s  p o s i t i o n  i n f o r m a t i o n  f o r  t h e  S.P. LEE. I n  1981, t h e  
i n t e g r a t e d  n a v i g a t i o n  system w a s  supplemented b y  a n  acoustic t r a n s p o n d e r  
system t o  p r o v i d e  s h i p  p o s i t i o n s  for all s t a t i o n  work and t o  p r o v i d e  m o r e  
a c c u r a t e  r e l a t i v e  p o s i t i o n s  for mapping t h e  shape  of  t h e  a x i a l  v a l l e y  f l o o r .  
Up t o  f o u r  a c o u s t i c  t r a n s p o n d e r s  provided  range data f o r  each  p o s i t i o n .  The 
t r a n s p o n d e r s  are anchored  o n  t h e  i n n e r  v a l l e y  w a l l s  above terraces o n  e i t h e r  
s ide of t h e  v a l l e y  f l o o r  (B-B' ,  Fig. 41; t h e  u n i t s  were f l o a t e d  100 m above 
t h e  s e a f l o o r ,  and  t h i s  provided  e x c e l l e n t  p o s i t i o n  c o n t r o l  o v e r  t h e  v a l l e y  
f l o o r .  The summed h o r i z o n t a l  range error for t h r e e - t r a n s p o n d e r  f i xes  was 
g e n e r a l l y  less t h a n  20 rn. The p o s i t i o n  control was good enough to allow 
r e o c c u p a t i o n  of v e n t  l o c a t i o n s  o n l y  20 t o  50 m i n  width. 

The a c o u s t i c - t r a n s p o n d e r  system provided  p o s i t i o n  data for t h e  
p h o t o g r a p h i c  and sampling s t a t i o n s  as well. During photographic  s t a t i o n s ,  a 
r e l a y  t r a n s p o n d e r  is placed 100 m above t h e  camera frame. A p i n g e r  placed i n  
t h e  camera s l e d  p r o v i d e s  a r e c o r d  of  t h e  a l t i t u d e  o f  t h e  camera ( g e n e r a l l y  
maintained a t  4 t o  6 m above t h e  s e a f l o o r ) .  T h i s  a l t i t u d e  d a t a ,  t o g e t h e r  with 
t h e  a c o u s t i c a l l y - d e t e r m i n e d  s l a n t  range between t h e  s h i p  and r e l a y  t r a n s p o n d e r  
and t h e  t ransponder-detemined p o s i t i o n s  f o r  t h e  s h i p  and r e l a y ,  a l l o w s  d i r e c t  
c a l c u l a t i o n  of t h e  water depth a t  t h e  t i m e s  of each p o s i t i o n ,  which were a t  5- 
minute i n t e r v a l s  for m o s t  of t h e  s t a t i o n  work. 



S t a t i o n  Ins t ruments  

About h a l f  of t h e  s t a t i o n  t i m e  d u r i n g  t h e  1981 c r u i s e  w a s  devoted t o  
photography. Twelve s t a t i o n s  bere occupied ( F i g u r e  5 )  u s i n g  a camera system 
developed a t  t h e  U n i v e r s i t y  o f  Washington and  loaned to  u s  for t h e  cruise. 
Two 35 mm cameras with 30-m rolls of f i l m  are o p e r a t e d  s e r i a l l y ,  t h u s  
p r o v i d i n g  approximate ly  4-1/2 hours  of bottom photographs every lowering 
(approximate ly  900 photographs  per s t a t i o n ) .  High-speed black-and-white f i l m  
was used a t  a l l  b u t  one  of  t h e  stations (#24)  and  w a s  developed o n  board; 
s t a t i o n  24 was o u r  o n l y  chance t o  o b t a i n  color photographs o f  a v e n t  area 
p r e v i o u s l y  i d e n t i f i e d  with black-and-white f i l m .  

T h i r t e e n  dredge s t a t i o n s  were attempted a l o n g  t h e  a x i a l  v a l l e y  f l o o r  and 

With t h e  e x c e p t i o n  of  t h e  e a r l y  dredge s t a t i o n s  ( 3  
i n n e r  walls. 
U n i v e r s i t y  of Washington. 
and  4,  Fig. 6 )  t h a t  were t a k e n  u s i n g  a t ime-depth recorder, a 12-kHz p i n g e r  
was a t t a c h e d  t o  t h e  dredge  w i r e  200 m or 350 m above t h e  dredge. 
record allowed u s  t o  dredge  with a short  wire scope, so t h a t  m o s t  dredge 
s t a t i o n s  were o n l y  s e v e r a l  hundred meters i n  length .  During s t a t i o n s  selected 
t o  recover  s u l f i d e  d e p o s i t s  a t  vent  areas, a r e l a y  t ransponder  a n d . p i n g e r  are 
a t t a c h e d  a t  about  200  m above t h e  dredge. The dredge is main ta ined  j u s t  above 
t h e  s e a f l o o r  u n t i l  t h e  r e l a y  t ransponder  shows t h e  dredge a d j a c e n t  to t h e  
vent .  The dredge  is t h e n  q u i c k l y  lowered to t h e  s e a f l o o r ,  dragged across t h e  
v e n t  area, and t h e n  hauled  clear of  t h e  bottom. 

We used a round-frame chain-bag dredge on  l o a n  from t h e  

The p i n g e r  

Two h y d r o c a s t  s t a t i o n s  a l o n g  t h e  a x i s  u t i l i z e d  s i x  3 0 - l i t e r  N i s k i n  
bo t t les  placed a t  50 m i n t e r v a l s  between 1950 m and 2200 m d e p t h  ( i n  water 
depths s l i g h t l y  greater t h a n  2210 m ) .  
w i r e  was h e l d ' j u s t  above t h e  s e a f l o o r  by moni tor ing  t h e  record from a 12-kHz 
p i n g e r  mounted 6 m above t h e  weightstand. 
was main ta ined  d u r i n g  t h e  s t a t i o n  u s i n g  transponder naviga t ion ;  and  for  
s t a t i o n  25, a r e l a y  t r a n s p o n d e r  was mounted below t h e  lowest N i s k i n  sampler t o  
mon i to r  t h e  bo t t l e  p o s i t i o n  r e l a t i v e  t o  a s u l f i d e  deposit (Fig.  6). Upon 
r e c o v e r y  o f  t h e  bo t t les ,  s e p a r a t e  samples were drawn o f f  for measurement o f  
t h e  amount of helium-3, methane, nd manganese i n  t h e  water. From t h e  
remainder ,  10 l i ters of u n t r e a t e  water  were t h e n  drawn i n t o  plast ic  
c o n t a i n e r s ,  sealedE and stored a t  4OC; t h i s  water is sti l l  available. 

A 400-kg weights tand a t  t h e  end of t h e  

For b o t h  hydrocas ts ,  s h i p  p o s i t i o n  

RESULTS 

l3a thyme t r y 

The November $980 s u r v e y  u s i n g  3.5-kHz and 12-kHz sounders  provi 
b a t h y m e t r i c  map with a 25-m c o n t o u r  i n t e r v a l  o v e r  a n  area 35 km a l o n g  s t r i k e  
a n d  20 km i n  wid th .  The s o u t h e r n  J u a n  de Fuca Ridge is c h a r a c t e r i z e d  by a 
r e l a t i v e l y  s t r a i g h t ,  symmetric 80-to-100-m-deep a x i a l  v a l l e y  wi th  no l a t e ra l  
o f f s e t s .  The a x i a l  v a l l e y  f l o o r  is  about  one k i l o m e t e r  wide and remarkably 
smooth. The d e p t h  of t h e  v a l l e y  f loor changes g r a d u a l l y  a l o n g  s t r i k e ,  and 
n e a r  l a t i t u d e  41e38'W t h e  v a l l e y  f loor  r e a c h e s  i t s  s h a l l o w e s t  point w i t h i n  
t h e  mapped a r e a  ( A - A ' ,  Fig. 4 ) .  The r i d g e  segment c e n t e r e d  about  t h i s  h i g h  
p o i n t  o n  t h e  l o n g i t u d i n a l  p r o f i l e  ( a r e a  of F i g u r e  3 )  was selected €or t h e  



P a c i f i c  R i s e  21°N s i t e  and  t h e  Galapagos R i f t  are found near  local h ighs  i n  
t h e  l o n g i t u d i n a l  p r o f i l e s  of t h e s e  s p r e a d i n g  c e n t e r s .  

The 1981 c r u i s e  also provided  b a t h y m e t r i c  data w i t h i n  t h e  a x i a l  v a l l e y .  
The t ransponder-pos i t ioned  p r o f i l e s  allowed u s  to r e f i n e  t h e  p l a n  o f  t h e  
v a l l e y  floor, and  t h i s  new data w a s  merged with t h e  1980 bathymetry t o  produce 
t h e  map of t h e  w r k  area (Fig.  3 ) .  The v a l l e y  floor h a s  a gentle camber 
across s t r ike,  wi th  t h e  c e n t e r  of t h e  v a l l e y  b e i n g  a f e w  meters h i g h e r  t h a n  
t h e  f loor near t h e  v a l l e y  walls. 
v a l l e y  is n e a r l y  cont inuous  except  i n  t h e  s o u t h e r n  3 k i l o m e t e r s  of t h e  s t u d y  
a r e a .  The width o f  t h e  d e p r e s s i o n  varies from a b o u t  50  m t o  2 0 0  m, and t h e  
d e p t h s  range f r o m  a f e w  t o  about  2 5  m (Fig.  7 ) .  

A narrow d e p r e s s i o n  a l o n g  t h e  c e n t e r  of t h e  

S t a t i o n  work 

Tbelve  camera s t a t i o n s ,  t w  h y d r o c a s t s ,  and  12 of 13 dredge  s t a t i o n s  were 
s u c c e s s f u l l y  completed.  The l o c a t i o n  of t h e  camera t r a c k s  is shown i n  F igure  
5, and t h e  dredge and h y d r o c a s t  s t a t i o n s  i n  F i g u r e  6. 

The camera s t a t i o n s  provided  about  7300 b l a c k  and white photographs and 
900 i n  color. The photographs are most ly  from t h e  v a l l e y  floor, and o n l y  
l o c a l l y  do t h e y  show t h e  scarps and terraces b o r d e r i n g  t h e  f l o o r  [F ig .  5 ) .  
S h e e t  f lows  (Fig.  8A) are t h e  dominant lava morphology o n  t h e  v a l l e y  f loor,  
a l though p i l l o w  l a v a s  are observed  l o c a l l y  and  are common o n  t h e  v a l l e y  walls. 

About 30 of t h e  b l a c k  and white photographs  show t h e  hydrothermal  
d e p o s i t s  a t  t h e  f i v e  v e n t  local i t ies  (Fig .  5; Fig. 8B,C,D). The color and 
t e x t u r e  of t h e  deposits are s t r i k i n g l y  d i f f e r e n t  from t h a t  o f  p i l l o w  and 
s h e e t - f l o w  l a v a s  and t a l u s  b l o c k s  s e e n  i n  t h e  o t h e r  8000+ photographs,  so 
i d e n t i f i c a t i o n  of t h e  vent areas is r a t h e r  s t r a i g h t f o r w a r d .  I n  a d d i t i o n ,  t h e  
c l u s t e r i n g  of  many worms, mollusks,  and  s t a l k e d ( ? )  organisms s e e n  i n  t h e  v e n t  
photographs  is n o t  observed  o n  t h e  lava-f low s u r f a c e s  elsewhere i n  t h e  a x i a l  
v a l l e y .  The f o u r  most prominent vents are located i n  a d e p r e s s i o n  a l o n g  t h e  
c e n t e r  of  t h e  v a l l e y  (Fig.  7 ) .  There is not s u f f i c i e n t  photographic  ev idence  
a t  t h i s  t i m e  t o  provide a c c u r a t e  o u t l i n e s  or t h i c k n e s s e s  of t h e  hydrothermal  
d e p o s i t s .  

E leven  of t h e  dredge  s t a t i o n  recovered f ragments  o f  sheet f lows ,  p i l l o w  
l a v a s ,  and o t h e r  f ragments  of  f r e  , g l a s s y  basal t .  The l o c a t i o n  of  t h e  
dredges  is  g i v e n  i n  F i g u r e  6. The t w e l f t h  s u c c e s s f u l  s t a t i o n  (22) recovered 
b a s a l t  and  massive s u l f i d e  deposits. T h i s  t r a n s p o n d e r - p o s i t i o n e d  dredge 
s t a t i o n  was p l a c e d  o v e r  t h e  second v e n t  area d i s c o v e r e d  d u r i n g  t h e  
photographic  survey.  S e v e r a l  hundred k i lograms o f  b a s a l t  and  12 kg of  s u l f i d e  
m i n e r a l s  were recovered. The s u l f i d e  deposits are d e s c r i b e d  i n  d e t a i l  i n  par t  
B o f  t h i s  open f i l e  report fKoski  qnd o t h e r s ,  19821, and t h e  b a s a l t i c  r o c k s  
are d e s c r i b e d  i n  par t  C (Eaby a Clague, 1982). 

T m  hydrocas t  s t a t i o n s  were p o s i t i o n e d  above t h e  d e p r e s s i o n  a l o n g  t h e  
a x i a l  v a l l e y .  S t a t i o n  14 i s  near  t h e  s h a l l o w e s t  p o i n t  a l o n g  t h e  v a l l e y  floor, 
and s t a t i o n  25  is  near t h e  v e n t  from which s u l f i d e  d e p o s i t s  =re recovered  
(Fig. 6 ) .  Analyses  s t i l l  i n  p r o g r e s s  i n d i c a t e  t h a t  s t a t i o n  14 was i n  a plume 
of hydrothermal  Water, as there are e l e v a t e d  v a l u e s  of methane, helium-3, and 
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d i s s o l v e d  manganese t o  a t  least 150 m above t h e  s e a f l o o r .  The manganese 
c o n t e n t  a t  s t a t i o n  14 exceeds background v a l u e s  f o r  t h e  n o r t h e a s t  P a c i f i c  
Ocean by more t h a n  t w  o r d e r s  of  magnitude (J. Murray, personal 
communication). The f i n a l  r e s u l t s  of t h e  water  chemis t ry  measurements w i l l  be 
discussed i n  a later report. 

GEOLOGIC S W A R Y  

Geologic  f e a t u r e s  o f  t h e  rift v a l l e y  i d e n t i f i e d  from 12-kHz and 3.5-kHz 
sounding records and from s t a t i o n  r e s u l t s  are summarized i n  F igure  7. 
s t u d y  area, t h e  r i f t  v a l l e y  and  ridge i s  remarkably symmetric (Fig.  4, p r o f i l e  
8 - B ' ) .  
d i s p l a y  a h i g h  degree of  symmetry. The r i f t  v a l l e y  is  about  100 meters deep 
and  t h e  f l o o r  a v e r a g e s  1 k i l o m e t e r  i n  w i d t h .  The i n n e r  v a l l e y  walls, 
i n c l u d i n g  a l o w  terrace about  30 meters above t h e  v a l l e y  f l o o r  o n  m o s t  
p r o f i l e s ,  are formed b y  steep normal f a u l t s .  P i l l o w  b a s a l t s  were photographed 
a n d  dredged f r o m  the  i n n e r  v a l l e y  walls, b u t  seem t o  be less common o n  t h e  
v a l l e y  f l o o r .  Large t a l u s  b l o c k s  were photographed a t  t h e  base of  s c a r p s  
forming  t h e  v a l l e y  walls. 

I n  t h e  

P r o f i l e s  e x t e n d i n g  30 k i l o m e t e r s  t o  e i t h e r  side o f  t h e  a x i s  s t i l l  

About 80-90% of t h e  v a l l e y  f l o o r  c o n s i s t s  o f  l o w  r e l i e f ,  ropy pahoehoe 
basalt  f lows  (also referred t o  as sheet f l o w s )  (F ig .  8 a ) .  I n  places t h e  f lows  
are s t r o n g l y  str iated.  A young age  i s  i n d i c a t e d  f o r  t h e  basa l t  by t h e  
abundance of  fresh glass i n  t h e  dredge  samples and photographs and b y  t h e  t h i n  
sed iment  cover. The s h e e t  f lows  t a k e  o n  a more lobate form i n  places, 
p a r t i c u l a r l y  near  t h e  c e n t r a l  depress ion .  

The p i n g e r  records and photographs i n d i c a t e  t h a t  t h e  c e n t r a l  d e p r e s s i o n  
i s  bounded by s h a r p  r i m s .  
t h e  f l o o r  o u t s i d e  t h e  d e p r e s s i o n  and scattered p i l l a r s  o c c u r  w i t h i n  t h e  
d e p r e s s i o n s .  These f e a t u r e s  sugges t  t h a t  t h e  d e p r e s s i o n ,  a t  least  l o c a l l y ,  is 
some t y p e  of collapse p i t  or drainback f e a t u r e  (Bal la rd  and others, 1979; 
Francheteau  and  others, 1979). 

The f l o o r  of t h e  d e p r e s s i o n  is much rougher  t h a n  

Four of t h e  hydrothermal  v e n t s  are i n  or o n  t h e  edges of t h e  c e n t r a l  
d e p r e s s i o n .  
photograph  v e n t  anima 1 communities 
s iphonophores  o n  t h e  r i m s  and  l e d g  of t h e  depress ion .  The f i f t h  v e n t  i s  
located o n  a scarp a t  t h e  base of  t h e  e a s t e r n  w a l l .  T h i s  v e n t  s i t e  is  p o o r l y  
d e f i n e d  compared t o  t h o s e  i n  t h e  c e n t r a l  d e p r e s s i o n ,  because it is b a s e d  o n l y  
o n  one  clear photograph,  which s h  a nonvolcanic ,  unsedimented s u r f a c e  of 
presumed hydrothermal  d e p o s i t s  w i  

No e v i d e n c e  for hydrothermal  

S e v e r a l  camera s t a t i o n s  which crossed t h e  d e p r e s s i o n b u t  d id  not  
i d  i n d i c a t e  c l u s t e r s  of b e n t h i c  

o s s i b l e  f ragments  of  w o r m  tubes .  

c u l a t i o n  was seen between t h e  c e n t r a l  
T h i s  is c o n s i s t e n t  with t h e  o b s e r v a t i o n  t h a t  d e p r e s s i o n  and  t h e  v a l l e y  walls. 

t h e  v a l l e y  f l o o r  c o n t a i n s  few f i s s u r e s  and no f a u l t s .  The o n l y  a p p a r e n t  
c h a n n e l s  f o r  r e c h a r g e  and v e n t i n g  of f l u i d s  seem t o  be a l o n g  t h e  c e n t r a l  
d e p r e s s i o n  and t h e  normal f a u l t s  fo  ng t h e  i n n e r  w a l l s .  

The hydrothermal  v e n t s  are c h a r a c t e r i z e d  by dense c o n c e n t r a t i o n s  of s m a l l  
w o r m  t u b e s ,  l a r g e r  a t t a c h e d  tube and/or  s t a l k e d  c r e a t u r e s ,  clams, and p o s s i b l y  
o t h e r  t y p e s  o f  mol luscs  (Fig.  8b,c, and d ) .  Two t y p e s  of hydrothermal 
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deposits are s e e n  i n  t h e  photographs: ( 1 )  b r i g h t  white  hydrothermal 
precipitate, p r o b a b l y  amorphous s i l i c a ,  and ( 2 )  dark  and  l i g h t  gray  
e n c r u s t a t i o n s  and slabs o f  massive s u l f i d e  m i n e r a l s ,  which appear t o  be 
s imilar  t o  t h e  s u l f i d e  samples recovered from v e n t  2 (see Koski and o t h e r s ,  
par t  B of t h i s  open f i l e ) .  

N o  hydrothermal  v e n t s  were photographed i n  t h e  s o u t h e r n  5 kilometers o f  
t h e  survey  area; however, t h e  manganese measurements a t  hydrocas t  s t a t i o n  14 
s u g g e s t  t h a t  a c t i v e  hydrothermal  c i r c u l a t i o n  is o c c u r r i n g  t h e r e ,  1.5 km s o u t h  
of v e n t  1 .  The n o r t h e r n  e x t e n t  of t h e  v e n t s  is not  known, as v e n t  4 i s  n e a r  
t h e  n o r t h e r n  l i m i t  o f  t h e  camera s t a t i o n s  (Fig.  5 ) .  

COMPARISON WITH OTHER RIDGE-CREST HYDROTHERMAL SITES 

The hydrothermal  v e n t s  are  l o c a t e d  a t  and t o  t h e  n o r t h  of  t h e  s h a l l o w e s t  
p o i n t  of t h e  s o u t h e r n  35-km segment of t h e  r i d g e .  A t  21ON o n  t h e  E a s t  P a c i f i c  
R i s e  t h e r e  i s  a w e l l  d e f i n e d  s l o p e  of t h e  r i f t  v a l l e y  with t h e  h i g h e s t  
t empera ture  hydrothermal  v e n t s  l o c a t e d  a t  t h e  s h a l l o w e s t  p o i n t  (Ballard and  
o t h e r s ,  1981; Ballard and  Francheteau,  1980).  A s imi l a r  a l o n g - s t r i k e  
v a r i a t i o n  i n  a x i a l  depth  and v e n t i n g  temperature i s  sugges ted  a t  t h e  Galapagos 
Ridge a t  86OW ( B a l l a r d  and others, 1982; R.  D. Ballard, personal 
communication, 1981) .  Unlike t h e  Galapagos and 21ON sites, however, t h e  v e n t s  
a t  J u a n  de Fuca Ridge are l o c a t e d  i n  a d e p r e s s i o n ,  formed e i t h e r  by f a u l t i n g  
and/or lava- lake  collapse s t r u c t u r e s ,  r a t h e r  t h a n  a l o n g  a p i l lowbasa l t  r i d g e  
or a faul t -bounded a x i a l  block (Law and o t h e r s ,  1981).  Ballard and  o t h e r s  
(1982)  s u g g e s t  a sequence of  e r u p t i o n  a t  Galapagos of e x t e n s i v e  s h e e t  flows 
e n d i n g  with t h e  f o r m a t i o n  o f  a l o w  pillow-basalt r i d g e  a l o n g  t h e  eruptive 
f i s s u r e .  Hydrothermal v e n t s  o c c u r  a l o n g  t h e  pillow-basalt r i d g e .  A t  t h e  
s o u t h e r n  J u a n  de  Fuca Ridge, t h e  r e c e n t  voluminous sheet-f  l o w  e r u p t i o n s  d id  
not  c u l m i n a t e -  i n  a major episode of p i l l o w - l a v a  e x t r u s i o n .  

The biological communities a t  t h e  J u a n  de Fuca v e n t s  have some 
s imi la r i t i es  with t h o s e  observed  a t  v e n t s  o n  t h e  E a s t  P a c i f i c  R i s e  n e a r  21°N, 
b u t  t h e r e  are clear  d i f f e r e n c e s  as w e l l .  W o r m  tubes similar t o  t h o s e  s e e n  a t  
21°N are observed  i n  m o s t  v e n t  photographs and have b e e n  d e s c r i b e d  f r o m  t h e  
s u l f i d e  deposits ( K o s k i  and others, p a r t  B of t h i s  open f i l e  r e p o r t ) .  The 
large, red-tipped v e s t i m e n t i f e r a n  w o r m s  have not  b e e n  observed a t  t h e  J u a n  de 
Fuca v e n t s  nor have any l a r g e  clam s h e l l s  b e e n  seen;  i n  c o n t r a s t ,  b o t h  of  
t h e s e  an imals  are s e e n  i n  abundance a t  21°N o n  t h e  E a s t  P a c i f i c  R i s e .  Our 
p h o t o g r a p h i c  t r a v e r s e s  across a t y p i c a l  v e n t  area do not  show t h e  same 
sequence of organisms t h a t  c o n s t i t u t e  t h e  h a l o  of a n i m a l s  commonly s e e n  around 
v e n t s  a t  2 1°N. A d d i t i o n a l  close-up, color photography w i l l  be necessary ,  
t h e r e f o r e ,  t o  a c c u r a t e l y  document t h e  c o n s t i t u t i o n  of t h e  f a u n a l  communities 
a t  t h e  J u a n  de Fuca hydrothermal  vents .  
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FIGURE CAPTIONS 

F i g u r e  1. Locat ion  of  mid-ocean r i d g e  segments where ac t ive  hydrothermal 
c i r c u l a t i o n  and associated massive s u l f i d e  deposits have b e e n  
observed.  Also shown are DSDP s i tes  5048 and 471 (open circles) 
where s imilar  s u l f i d e  m i n e r a l  d e p o s i t s  have b e e n  recovered a t  
depth.  

F i g u r e  2. Bathymetry of  t h e  J u a n  de Fuca Ridge and  sur rounding  r e g i o n s  (from 
P a c i f i c  Geoscience Center ,  J u a n  de Fuca p la te  map, 1978). L o c a t i o n  
of t h e  U.S.G.S. w x k  a r e a  d u r i n g  1980 and  1981 R/V S.P. LEE c r u i s e s  
is shown by t h e  c r o s s h a t c h e d  box. 

F i g u r e  3. Bathymetry of  a short  segment o f  t h e  s o u t h e r n  J u a n  de Fuca Ridge 
based o n  12-kHz echo-sounding profiles o b t a i n e d  d u r i n g  t h e  1980 
cruise. Much of t h e  de t a i l  o n  t h e  shape  of  t h e  a x i a l  v a l l e y  
r e s u l t e d  from t h e  1981 c r u i s e .  Hydrothermal v e n t s  were i d e n t i f i e d  
with bottom photography. The l o c a t i o n s  o f  cross sections shown i n  
F igure  4 are i n d i c a t e d .  

Bathymetr ic  cross s e c t i o n s  through t h e  s t u d y  area p a r a l l e l  ( A - A ' )  
and p e r p e n d i c u l a r  (B-B') t o  t h e  r i d g e  a x i s .  S e c t i o n  A-A' p r e s e n t s  
changes i n  depth  a l o n g  s t r i k e  of t h e  a x i a l  v a l l e y  floor. The 
hydrocas t  s t a t i o n s  c o n s i s t e d  o f  6 3 0 - l i t e r  N i s k i n  bott les between 
1950 m and  2200 m water  depth. See F i g u r e  3 f o r  l o c a t i o n  of 
p r o f i l e s .  

F i g u r e  4. 

F i g u r e  5.  L o c a t i o n  of  camera t r a c k s  and  hydrothermal  v e n t s  i n  t h e  r i f t  
v a l l e y .  A r r o w s  i n d i c a t e  t h e  d i r e c t i o n  of movement of  * t h e  towed 
v e h i c l e .  Vents 1 and  2 were i d e n t i f i e d  o n  several c r o s s i n g s ,  and 
t h e i r  known e x t e n t  is shown with s t i p l e d  p a t t e r n .  Vents  3, 4, and 
5 were i d e n t i f i e d  on o n l y  one camera c r o s s i n g  and are l i m i t e d  t o  
several t e n s  of meters i n  width a l o n g  track. The c e n t e r  of  t h e  "X" 
marks t h e  l o c a t i o n  (and  i n  one c a s e ,  t h e  e x t e n t )  o f  t h e  vent .  The 
a c o u s t i c  t r a n s p o n d e r  beacons and  v e n t  locations a r e  repeated o n  a l l  
maps for local r e f e r e n c e  p o i n t s .  

F i g u r e  6.  L o c a t i o n  of  dredge  and h y d r o c a s t  s t a t i o n s .  Arrows i n d i c a t e  t h e  
direction of movement of t h e  dredge. The massive s u l f i d e  deposits 
=re recovered  a t  s t a t i o n  22D, and a hydrothermal  plume was sampled 
at s t a t i o n  1 4 H .  Vent symbols are t h e  same a s  i n  f i g u r e  5. 

Geologic  s k e t c h  map of r i f t  v a l l e y  based o n  i n t e r p r e t a t i o n  o f  3.5- 
kHz and 12-kHz records, sled-mounted p i n g e r  record ,  and 
photographic ,  dredge,  and h y d r o c a s t  s t a t i o n s .  

F igure  7. 
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Figure  8. ( a )  Low r e l i e f ,  pahoehoe b a s a l t  f lows  wi th  l i g h t  sediment  cover  
which c h a r a c t e r i z e  80-90% of t h e  a x i a l - v a l l e y  f l o o r .  
s t r a i t e d  s u r f a c e  is common. Highly r e f l e c t i v e  a r e a s  are f r e s h  
b a s a l t i c  g l a s s .  
(b,c & d)  R e p r e s e n t a t i v e  photographs of hydrothermal  v e n t  fields. 
Rock material c o n s i s t s  of dark e n c r u s t a t i o n s  and ledges o f  s u l f i d e  
m i n e r a l s ,  (best shown a t  upper l e f t  i n  8c and r i g h t  side i n  8d and  
b r i g h t  patches of hydrothermal  precipitate, probably  amorphous 
s i l ica  shown a t  lower l e f t  i n  8c. D e n s e  communities of mollusks 
and  s m a l l  w a r m  t u b e s  occupy c r a c k s  i n  d a r k  s u l f i d e  deposits and 
l o c a l l y  s m a l l  wrm t u b e s  completely cover u n d e r l y i n g  s u l f i d e  and/or 
basal t  s u r f a c e s  (8c, c e n t e r  bottom). Larger  a t t a c h e d  organisms may 
be a t y p e  o f  tube wrm or a s t a l k e d  creature. Cloudy r e g i o n  i n  t h e  
upper  h a l f  o f  8d  c o u l d  be due t o  w a r m ,  shimmering water. S c a l e  bar 
i n  upper r i g h t  c o r n e r  of each f i g u r e  is approximately 1 meter. 

Ropy t o  
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